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Beating pattern in quantum magnetotransport coefficients of spin-orbit coupled Dirac
fermions in gated silicene
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Department of Physics, Indian Institute of Technology-Kanpur, Kanpur-208 016, India
(Dated: September 4, 2018)
We report theoretical study of magnetotransport coefficients of spin-orbit coupled gated silicene
in presence and absence of spatial periodic modulation. The combined effect of spin-orbit coupling
and perpendicular electric field manifests through formation of regular beating pattern in Weiss and
SdH oscillations. Analytical results, in addition to the numerical results, of the beating pattern
formation are provided. The analytical results yield a beating condition which will be useful to
determine the spin-orbit coupling constant by simply counting the number of oscillation between
any two successive nodes. Moreover, the numerical results of modulation effect on collisional and
Hall conductivities are presented.
PACS numbers: 72.10.-d,72.25.-b,73.43.Qt,73.50.-h
I. INTRODUCTION
Silicene, a new class of two-dimensional (2D) electron
system, possess graphene-like hexagonal lattice struc-
ture except the atoms are silicon instead of carbon1,2.
Several experiments of synthesizing monolayer silicene
have been performed successfully3–8. Relatively larger
atomic size of silicon atom causes the 2D lattice to
be buckled, in which two planes of sublattice A and
sublattice B are separated by d ⋍ 0.46A˚9,10. Theo-
retical investigations9,11,12 show that silicene possess
an intrinsic spin-orbit coupling which is very strong
in comparison to graphene. This is due to the fact
that Si atoms have large intrinsic spin-orbit coupling
strength than C atoms. The application of electric
field (Ez) perpendicular to the buckled silicene sheet
generates a staggered sublattice potential difference
(∆z = Ezd) between the two atomic planes and opens
an electric field dependent band gap between conduction
and valence bands9,13,14. The charge carriers in silicene
also obey Dirac-like Hamiltonian6 around the corners of
its hexagonal Brillouin zone with additional properties
of having intrinsic spin-orbit coupling and electrically
tunable band gap9. Moreover, the low-energy dispersion
around K and K ′ points splits into two branches due
to presence of the both spin-orbit coupling and ∆z.
Monolayer graphene’s zero band gap with the difficulty
in tuning it and vanishingly small spin-orbit interaction
prevent it to be used for electronic devices. On the
other hand, silicene overcomes all these limitations and
provide an alternative to graphene for device based
applications. Recently, a series of theoretical works on
transport and optical properties of silicene have been
reported, revealing the roles of finite band gap and
spin-orbit interaction15–19.
The study of magnetotransport coefficients is one of
the basic tools to investigate various two-dimensional
electron systems. Appearance of quantum oscillation
in magnetotransport coefficients, known as Shubnikov-
de Hass(SdH) oscillation, is due to the interplay between
Landau levels and Fermi energy. A different kind of quan-
tum oscillation, known as Weiss oscillation, appears in
magnetoresistance when an in-plane weak spatial electric
modulation is applied20–22. The Weiss oscillation is due
to the commensurability of the diameter of the cyclotron
orbit near the Fermi energy and the spatial period of the
modulation23–26. Both the oscillations are periodic with
inverse magnetic field. The Weiss oscillation appears at
very low magnetic field where SdH oscillations are com-
pletely wiped out. On the other hand, at moderate mag-
netic field, very weak Weiss oscillation is superposed on
the SdH oscillations.
The spin-orbit interaction lifts the spin degeneracy
and produces two unequally spaced Landau levels for
spin-up and spin-down electrons in a two-dimensional
electron gas formed at semiconductor heterostructures.
The difference between two frequencies of quantum os-
cillation for spin-up and spin-down electrons is directly
related to the spin-orbit coupling constant and yields
beating pattern in the amplitude of the Weiss and SdH
oscillations29–34. The beating pattern in the SdH oscilla-
tions is being used to determine the spin-orbit coupling
constant. It is proposed that the beating pattern in Weiss
oscillation can be also used to determine spin-orbit cou-
pling constant34.
The SdH oscillation in graphene monolayer de-
scribing by massless Dirac-like Hamiltonian has been
experimentally35? . The appearance of Weiss oscillation
in graphene monolayer has been predicted in Refs.36,37.
The beating pattern in magnetotransport coefficients of
graphene monolayer does not appear due to absent of
spin-split Landau energy levels. On the other hand, spin-
split Landau levels appear in spin-orbit coupled Dirac
fermions in gated silicene. There are several theoretical
group estimated ∆so and ∆z using tight-binding and den-
sity functional calculations. In this paper we discuss that
∆so and ∆z can be determined experimentally by ana-
lyzing beating pattern in magnetotransport coefficients
in spin-orbit coupled gated silicene in presence and ab-
sence of the spatial periodic modulation.
This paper is arranged in following order. In section II,
2we present energy eigenvalues, the corresponding eigen-
states and density of states of the charge carriers in sil-
icene sheet subjected to transverse magnetic and electric
fields. In section III, we present analytical and numeri-
cal results of diffusive, collisional and Hall conductivities
in presence and absence of the periodic modulation. In
section IV we summarize our results.
II. ENERGY EIGENVALUE AND
EIGENFUNCTION
We are considering a buckled 2D silicene sheet in which
Dirac electrons obey a finite gapped graphene-like Hamil-
tonian. The Hamiltonian of an electron with charge −e
in presence of both field, the perpendicular magnetic field
B and electric field E = Ez zˆ, is
12,15
H = vF (σxΠx − ησyΠy)− ηs∆soσz +∆zσz , (1)
where vF is the Fermi velocity, Π = p + eA is the 2D
momentum operator with vector potential A, η = +(−)
denotes K(K ′) Dirac point, s = ± stands for spin-up and
spin-down, σ = (σx, σy, σz) are the Pauli matrices, ∆so
is the strength of the spin-orbit interaction, and ∆z is
the energy associated with the applied electric field.
Using Landau gauge A = (0, Bx, 0), the exact Landau
levels and the corresponding wave functions are obtained
in Refs.16,18. The ground state energy (n = 0) is Eη0 =
−(s∆so − η∆z). For n ≥ 1, energy spectrum for the
electron band is
Eζ =
√
nε2 + (∆so − ηs∆z)2, (2)
where ζ ≡ {n, s, η}, ε = ~ωc and ωc =
√
2vF /l is the
cyclotron frequency with l =
√
~/eB is the magnetic
length scale. The Landau levels around K and K ′ points
split into two branches due to presence of both ∆so and
∆z. The splitting vanishes when either ∆so or ∆z is zero.
The normalized eigenstates are (for n ≥ 1)
Ψη=+n,s (r) =
eikyy√
LyN
η
n,s
[
α+n,sφn−1(x + x0)
βnφn(x + x0)
]
(3)
and
Ψη=−n,s (r) =
eikyy√
LyN
η
n,s
[
α−n,sφn(x+ x0)
βnφn−1(x+ x0)
]
, (4)
where φn(x) = (1/
√√
π2nn!l)e−x
2/2l2Hn(x/l) is the nor-
malized harmonic oscillator wave function centred at x =
−x0 with x0 = kyl2. Here, the coefficients are Nηn,s =|
αηn,s |2 + | βn |2 with αηn,s = ∆η,s +
√
∆2η,s + n(~ωc)
2
and βn = −i~ωc
√
n. Here, ∆η,s = (∆so − ηs∆z).
The analytical form of density of states38 is given by
Dη,s(E) ⋍ D0(E)
[
1 + 2
∞∑
k=1
exp
{
− k
(
2π
Γ0E
ε2
)2}
× cos
{
πs
(
E2 −∆2η,s
)
/ε2
}]
, (5)
where D0(E) = E/(2π~
2v2F ) and Γ0 is the impurity in-
duced Landau level broadening.
III. ELECTRICAL MAGNETOTRANSPORT
In this section we shall study magnetotransport coef-
ficients such as diffusive, collisional and Hall conductivi-
ties. The diffusive conductivity in absence of any modu-
lation exactly vanishes because of the zero group velocity
due to ky degeneracy in the energy spectrum. The pres-
ence of modulation imparts drift velocity to the charge
carriers along the free direction of it’s motion and gives
rise to diffusive conductivity. The oscillations in the dif-
fusive conductivity known as Weiss oscillation which is
dominant at low magnetic field regime. On the other
hand, the collisional conductivity arises due to scattering
of the charge carriers with localized charged impurities
present in the system. The quantum oscillation in colli-
sional conductivity is known as SdH oscillation. The Hall
conductivity due to the Lorentz force is independent of
any collisional mechanisms. However, the external spa-
tial periodic modulation induces periodic oscillation on
collisional as well as Hall conductivities. We shall use
formalism of calculating different magnetotransport co-
efficients developed in Ref.39.
A. Diffusive conductivity
To study diffusive conductivity, a spatial weak electri-
cal modulation V = V0 cos(Kx) with K = 2π/a is ap-
plied along the x direction of the silicene sheet. Here, a
is the modulation period. We can treat this modulation
as a weak perturbation as long as V0 ≪ ǫ. The energy
correction due to the modulation is calculated approxi-
mately by using first-order perturbation theory. Then to-
tal energy is given by Eξ = Eζ +∆Eξ, where ξ ≡ {ζ, ky}
and ∆Eξ = Gζ(u) cos(Kx0) with
Gζ(u) =
V0e
−u/2
Nηn,s
[
| αηn,s |2 Ln−1(u)+ | βn |2 Ln(u)
]
.
(6)
Here, u = (Kl)2/2 and Ln(u) is the Laguerre polynomial
of degree n. The energy correction ∆Eξ transforms the
degenerate Landau levels into bands due to ky depen-
dency, which leads to non-zero drift velocity.
The diffusive conductivity is calculated by using the
standard semiclassical expression as
σdifyy =
βe2τ
Ω
∑
ξ
fξ(1− fξ)(vξy)2, (7)
where Ω = Lx ×Ly is the area of the system, τ = τ(EF )
is the electron relaxation time at the Fermi energy EF
which is calculated in the next paragraph, fξ is the Fermi-
Dirac distribution function at E = Eξ and β = (kBT )
−1
with kB is the Boltzmann constant. Also, v
ξ
y = 〈ξ|vˆy |ξ〉
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FIG. 1. Plots of the exact results of the diffusive conductivity
versus dimensionless inverse magnetic field λ.
is the average value of the velocity operator vˆy and it
does not vanish due to the ky dependency of the energy
levels. It is given by
vξy =
1
~
∂Eξ
∂ky
= −Kl
2
~
sin(Kx0)Gζ(u). (8)
After inserting drift velocity given by Eq. (8) into Eq. (7)
and integrating over ky variable, we get σ
dif
yy = (e
2/h)Φ
with
Φ =
βτu
~
∑
ζ
f(Eηn,s)[1 − f(Eηn,s)][Gζ(u)]2 (9)
is the dimensionless total diffusive conductivity. Note
that a given Landau level splits into two branches due
to the simultaneous presence of ∆so and ∆z . The
first branch is E−n =
√
nε2 + (∆so −∆z)2 for {s, η} =
{+,+} and {−,−}. The second branch is E+n =√
nε2 + (∆so +∆z)2 for {s, η} = {+,−} and {−,+}. So,
for η = +1 (K-valley) there are two energy branches due
to spin splitting and same goes for η = −1 (K ′-valley)
also. The total conductivity is written as Φ = Φ+ +Φ−.
Here, Φ+ is the contribution from the second branch E+n
and Φ− is coming from the first branch E−n .
Before simplifying further, we shall derive the Fermi
energy. At Fermi level EF =
√
(~vF k
±
F )
2 +∆2± with
∆± = (∆so ∓∆z), then one can write
(k+F )
2 − (k−F )2 = 4
∆so∆z
(~vF )2
. (10)
On the other hand, carrier density is given by
ne =
2
(2π)2
∫ 2pi
0
∫ kF
0
kdkdφ =
1
2π
[
(k+F )
2+(k−F )
2
]
. (11)
Solving the above two equations for Fermi energy, we
get EF =
√
(E0F )
2 +∆2so +∆
2
z with E
0
F = ~vFk
0
F and
k0F =
√
πne.
Before presenting exact analytical results, we would
like to get approximated analytical results. To do so we
consider the system at very low temperature in which
Landau levels close to the Fermi energy contribute to
transport properties. Therefore, we can use some approx-
imations which are valid for higher values of n. Around
Fermi level, for higher value of n, we have
e−u/2Ln(u) ≃ 1√
π
√
nu
cos
(
2
√
nu− π/4
)
. (12)
We can also use n ⋍ n − 1 for higher values of Landau
levels, which give Gζ(u) ≃ V0 exp(−u/2)Ln(u). To ob-
tain analytical expression we convert the summation into
integration by using the relation
∑
n
→
∫ ∞
0
dn ≃ 2
ε2
∫ ∞
0
EdE. (13)
By using the above two approximations, the exact ex-
pression of the dimensionless diffusive conductivity given
by Eq. (9) reduces to
Φ± ⋍ A0
u
c±
∫ ∞
−∞
cos2(c±t+ d±)
cosh2(t/2)
dt,
(14)
where A0 = V
2
0 τ0/(~βε
2), t = β(E − EF ), and d± =
c±βEF with
c± =
2
√
u
ε
√
(E0F )
2 ∓ 2∆so∆z
βEF
. (15)
Using the standard integral40, Eq. (14) reduces to
Φ± = A0
u
c±
[
1 +H
(
T/T±a
)
cos
(
2πf±λ
)]
. (16)
Here, λ = Ba/B with Ba = ~/ea
2 and
f± =
2a
~vF
√
(E0F )
2 ∓ 2∆so∆z (17)
are two closely spaced frequencies of Weiss oscillations
of the two energy branches induced by the simultaneous
presence of spin-orbit interaction and gate induced elec-
tric field. The temperature dependent damping factor is
given by
H
(
T/T±a
)
=
T/T±a
sinh(T/T±a )
,
where the characteristic temperature (T±a ) is defined as
T±a = ~vFEFB/
[
4π2kBaBa
√
(E0F )
2 ∓ 2∆so∆z
]
. (18)
Typically the difference between T+a and T
−
a is very
small. T−a = 0.76 K when B = 0.6 T. Another point
40.001 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
B
a
/B
σ
yy
 
(e2
/h
)
FIG. 2. Plots of the exact and analytical results of diffusive
conductivity versus dimensionless inverse magnetic field. The
dark and red lines stand for analytic and numerical results.
is that T+a is increasing with electric field (∆z) or spin-
orbit interaction (∆so) while T
−
a is decreasing.
As (E0F )
2 ≫ 2∆so∆z, the total diffusive conductivity
is given by
Φ ⋍ 2A0
u
c
[
1 +H
(
T/Ta
)
cos(2πfavλ) cos(2πfdλ)
]
(19)
with c = 2
√
uEF0/(βEF ), Ta =
~vFEFB/(4π
2kBaBaE
0
F ), fav = (f
+ + f−)/2 and
fd = (f
+ − f−)/2. The total diffusive conductivity
given by Eq. (19) exhibits beating pattern due to the
superposition of two oscillatory functions with closely
spaced frequencies f±. It should be noted that the
condition (E0F )
2 > 2∆so∆z must be satisfied to see the
beating pattern. The location of the beating node can
be obtained from the condition cos(2πfdλ) |B=Bj= 0,
which gives
2fd
Ba
Bj
=
(
j +
1
2
)
, (20)
where j = 0, 1, 2.... Another periodic term, cos(2πfavλ),
gives number of oscillation between two successive beat-
ing nodes as
Nosc = fav
( Ba
Bj+1
− Ba
Bj
)
=
1
2
fav
fd
. (21)
In explicit form, it is given by
2Nosc =
√
(E0F )
2 + 2∆so∆z +
√
(E0F )
2 − 2∆so∆z√
(E0F )
2 + 2∆so∆z −
√
(E0F )
2 − 2∆so∆z
.
(22)
Here we make couple of important remarks on the above
equation: 1) number of oscillation between any two suc-
cessive beat nodes is independent of the modulation pe-
riod a and magnetic field and 2) the expression of Nosc
can be used to estimate the spin-orbit coupling constant
by simply counting the number of oscillations between
any two successive beat nodes.
We use the following parameters for various plots: elec-
tron density ne = 4 × 1015m−2, spin-orbit coupling con-
stant ∆so = 4 meV, perpendicular electric field induced
energy ∆z = 12 meV, Fermi velocity vF = 2× 105 ms−1,
modulation period a = 150 nm, and modulation strength
V0 = 0.1 meV. Figure 1 shows exact numerical results of
the diffusive conductivity given by Eqs. (7) and (8) for
two different temperature. It shows beating pattern in
both the cases, and oscillation gets damped with increas-
ing temperature. In Fig. 2 we compare the approximate
analytical result given by Eq. (19) with the exact numer-
ical result obtained from Eq. (7). The analytical result
for diffusive conductivity matches very well with the ex-
act result. The appearance of beating pattern is due to
the superposition of Weiss oscillation coming from two
oscillatory drift velocity with different frequencies (f±)
corresponding to two energy branches. For the numerical
parameters used here, the number of oscillations calcu-
lated from Eq. (22) is 14, same as counted from Fig.
1.
B. Collisional Conductivity
First we shall study collisional conductivity in absence
of modulation. The effect of modulation on SdH oscilla-
tion will be discussed in the later half of this section. The
standard expression for collisional conductivity is given
by39
σcolµµ =
βe2
2Ω
∑
ζ,ζ′
fζ(1− fζ′)Wζ,ζ′(αζµ − αζ
′
µ )
2. (23)
Here, fζ = fζ′ for elastic scattering, Wζ,ζ′ is the transi-
tion probability between one-electron states |ζ〉 and |ζ′〉.
Also, αζµ = 〈ζ|rµ|ζ〉 is the average value of µ component
of the position operator of the charge carriers in state |ζ〉.
The scattering rate Wζ,ζ′ is given by
Wζ,ζ′ =
∑
q
|U(q)|2|〈ζ|eiq·(r−R)|ζ′〉|2δ(Eζ − Eζ′), (24)
where q = q
x
xˆ + q
y
yˆ is the two-dimensional wave-
vector and U(q) = 2πe2/(ǫ
√
q2
x
+ q2
y
+ k2s) is the Fourier
transform of the screened impurity potential U(r) =
(e2/4πǫ)(e−ksr/r), where ks is the inverse screening
length and ǫ is the dielectric constant of the material.
Equation (23) can be re-written for higher values of Lan-
dau level (n ⋍ n− 1) as given by
σcolxx =
e2
h
NIU
2
0
πl2Γ0
∑
ζ
(2n+ 1)
[
− ∂f
∂E
]
E=Eζ
. (25)
A closed-form analytical expression of the above equation
is obtained by replacing the summation over quantum
number as
∑
n → 2πl2
∫∞
0
D(E)dE with D(E) is the
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FIG. 3. Plots of the exact and analytical results of the colli-
sional conductivity versus inverse magnetic field in absence of
modulation. Here, red and dark lines stand for numeric and
analytic results, respectively.
density of states (see Eq. (5)) and it is given by
σcol(±)xx ⋍
σ0
(ωcτ0)2
E2F −∆2±
ε2
×
[
1 + 2ΩDH
(
T/Tc
)
cos
(
2πν±/B
)]
. (26)
Here, σ0 = e
2τ0EF /π~
2 is Drude-like conductivity and
ν± = [(E0F )
2 ± 2∆z∆so]/(2e~v2F ) are the SdH oscilla-
tion frequencies for the two energy branches E+n and E
−
n .
Also, impurity induced damping factor is
ΩD = exp
{
−
(
2π
Γ0EF
ε2
)2}
(27)
and the temperature dependent damping factor is
H(x) = x/ sinh(x). Here, x = T/Tc with Tc =
ε2/(2π2kBEF ) is the critical temperature.
Following the same procedure as in the diffusive con-
ductivity case, here we get the location of a beating
node (Bj) as Bj(j + 1/2) = 2∆so∆z/(e~v
2
F ) and num-
ber of oscillations between any two successive nodes as
N sosc = (E
0
F )
2/(4∆so∆z). Unlike Rashba spin-orbit cou-
pled two-dimensional electron gas, Nsosc in silicene is same
for a set of given parameters and does not depend on spe-
cific choices of the successive nodes. In Fig. 3, we show
the beating pattern in the collisional conductivity vs in-
verse magnetic field. For the parameters used here, we
have Nsosc = 14 which is same as shown in Fig. 3.
Now we will describe effect of of weak modulation on
the collisional conductivity. The modulation effect enters
mainly through the total energy in Fermi distribution
function. The collisional conductivity in presence of weak
modulation is given by
σcolxx ⋍
e2
h
NIU
2
0
πaΓ0
∑
ζ
(2n+ 1)Mζ, (28)
where Mζ is given by
Mζ =
∫ a/l2
0
[
− ∂f
∂E
]
E=Eξ
dky. (29)
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FIG. 4. Plots of change in the collisional conductivity due to
modulation versus magnetic field.
It is difficult to get a closed-form analytical expression
of the collisional conductivity in presence of the modu-
lation. The change in collisional conductivity due to the
modulation [∆σcollxx = σ
coll
xx (V0) − σcollxx (0)] is calculated
from Eq. (28) numerically and shown in Fig. 4. Figures
(3) and (4) clearly shows that effect of the modulation on
σcollxx is very small and vanishes with increasing B. The
location of the beating node and number of oscillations
between any two successive nodes are determined by Eqs.
(20) and (21), respectively. To understand why the beat-
ing pattern appears in ∆σcollxx follows the same condition
as in the diffusive conductivity, we expand Mζ as given
by
Mζ =
∫ a/l2
0
[(
− ∂f
∂E
)
+∆Eζ,ky
(
− ∂f
′
∂E
)
+
(∆Eζ,ky )
2
2!
(
− ∂f
′′
∂E
)
+ .....
]
E=Eζ,ky
dky
=
a
l2
[(
− ∂f
∂E
)
+
{Gζ(u)}2
4
(
− ∂f
′′
∂E
)
...
]
E=Eζ
.(30)
We can see the modulation dependent dominant term
is of the order of (Gζ(u))
2 ≃ V 20 , which is same as in
the diffusive conductivity (see Eq. 9). The modulation
induced Weiss oscillation in collisional conductivity, as
shown in Fig. 4., also follows the same beating condition
as in the diffusive conductivity.
From the numerical result we can see that modulation
effect is dominant at low range of magnetic field i.e; when
the energy scale of Landau level is not much higher than
the energy correction due to modulation. As magnetic
field increases, SdH oscillation starts to dominate over
Weiss oscillation.
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FIG. 5. Plots of the modulation effect on Hall conductivity
versus magnetic field.
C. The Hall conductivity
In this sub section, we will see modulation effect on the
Hall conductivity. The Hall conductivity is given by39
σyx =
ie2~
Ω
∑
ξ
fξ − fξ′
(Eξ − Eξ′ )2 〈ξ|vˆy |ξ
′〉〈ξ′|vˆx|ξ〉. (31)
Using unperturbed eigenstates velocity matrix ele-
ments are given by
< n, s,+ | vˆx | n+ 1, s,+ >=
α+n+1,sβn
N+n+1,sN
+
n,s
vF (32)
and
< n+ 1, s,+ | vˆy | n, s,+ >= −i
α+n+1,sβn
N+n+1,sN
+
n,s
vF . (33)
Substituting Eqs. (32) and (33) into Eq. (31), we get
σyx = 2
e2
h
l2
a
∑
n,s
∫ a/l2
0
| α+n+1,s |2| βn |2
| N+n+1,s || N+n,s |
×
f(E+n,s,ky )− f(E+n+1,s,ky )
[
√
n+ z −√n+ 1 + z − ρn,ky ]2
dky . (34)
Here z = [(∆so − s∆z)/ε]2 and
ρn,ky = ∆E
η
n+1,s,ky
−∆Eηn,s,ky
≃ V0
ε
u
n
e−u/2L1n−1 cos (Kx0). (35)
Here, a factor of 2 is multiplied because of the iden-
tical states between two valleys but with opposite spin.
The modulation induced change in the Hall conductiv-
ity [∆σyx = σyx(V0) − σyx(0)] is plotted in Fig. 5. It
shows beating pattern in the Weiss oscillation of the Hall
conductivity. The node position Bj and number of oscil-
lations between any two successive nodes are determined
by Eqs. (20) and (21), respectively. The increase of
magnetic field diminishes the modulation effect on Hall
conductivity as expected.
IV. SUMMARY
We have shown the appearance of beating pattern in
quantum oscillations of magnetotransport coefficients of
spin-orbit coupled gated silicene with and without spa-
tial periodic modulation. There is a spin-splitting of the
Landau energy levels due to the presence of both the
spin-orbit coupling and electric field perpendicular to the
silicene sheet. The formation of beating pattern is due to
the superposition of oscillations from two different energy
branches but with slightly different frequencies depend-
ing on the strength of spin-orbit coupling constant and
perpendicular electric field. In addition to the numerical
results we also provide analytical results of the beating
pattern in Weiss and SdH oscillations. The approximated
analytical results are in excellent agreement with the ex-
act numerical results. The analytical results yields a sim-
ple equation which can be used to determine the strength
of spin-orbit coupling constant by simply counting the
number of oscillations between any two successive beat
nodes. There have been few theoretical calculation, al-
ready mentioned earlier, which estimated the spin-orbit
coupling constant. Here we have proposed a way to de-
termine the spin-orbit coupling constant experimentally.
Finally for the sake of completeness, modulation effect on
collisional and Hall conductivities are also studied numer-
ically. Moreover, the analytical results of the Weiss and
SdH oscillations frequencies reduce to graphene mono-
layer case36,37 by setting ∆so = 0 or ∆z = 0.
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